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ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville
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Name of Candidate ____William C. Iwasko____________________________________
Title ____Impacts of Land Use Land Cover Change on Mesoscale Circulations, Clouds,_
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Land and sea breeze initiates convection in the maritime continent. This region
has the highest rates of tropical deforestation, which has the potential to impact land and
sea breeze, convection and thus tropical climate. This study utilizes satellite observations
and numerical modeling to characterize land and sea breezes in Borneo as well as
investigate the impact of deforestation in this region on these circulations, clouds, and
rainfall.
The zone of influence for the land and sea breeze circulation is 265km offshore to
55km inland respectively and initiate convection on 42% and 52% of the days
respectively. Deforestation has minimal impact on propagation of the land and sea
breeze. However, horizontal convective rolls are affected by deforestation, leading to
differences in convective initiation along the sea breeze front during the early hours.
This leads to changes in convective outflows and larger changes in convection and
rainfall in the afternoon hours.
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CHAPTER 1

INTRODUCTION

Land and sea breeze phenomenon has been a subject of study since antiquity,
especially among mariners, one such description appears in written records of Dampier in
1705 (Abbs and Physick, 1992). Dampier noted that the time of formation of the sea
breeze was generally 9am, followed by inland propagation where the land surface was
free of obstacles. Further, Dampier noted that the strength of the sea breeze diminishes
after ~3pm and around midnight the flow reversed from land to ocean. The role of sea
breeze in convective initiation is found in observations made by Captain Williams in
1815. Captain Williams observed that large coastal mountain ranges on islands within
the Pacific Ocean would remain cloud free until ~9am local time. Subsequent formation
and inland propagation of sea breeze initiated convective clouds along the mountain
slopes would soon after begin to precipitate (Davis et al., 1890). Early observations of
the three dimensional structure of the sea breeze circulation were derived from balloon
voyages conducted in France in 1868. Balloons were carried out to sea during the day at
heights of ~1200- 1800 meters and were transported back to coast upon descent to ~400m
over the ocean (Davis et al., 1890).

1

Land and Sea breezes are now recognized as mesoscale circulations caused by the
differential heating of the land compared to the surrounding water bodies (Davis et al.,
1890; Haurwitz, 1947; Hadi et al., 2002; Qian, 2008; Ahrens, 2009; Chen et al., 2014).
During daylight hours, the mean temperature of the air above land generally exceeds that
of the surrounding oceans. This results in constant pressure surfaces to slope upwards in
the direction of land and the resulting pressure gradient force at the upper part of the
planetary boundary layer (PBL) induces a flow directed towards the ocean. Loss of mass
from the upper parts of the PBL over land areas leads to reduction in pressure at the
surface and a pressure gradient force directed towards the ocean, which causes weak
surface flow from the ocean in order to replace the mass being lost over land. Cool moist
air begins to flow onshore with varying speeds up to 6 m s-1 (van der Molen et al. 2006).
At night, this process is reversed due to the low heat capacity of land. The warmer ocean
surface induces a weak low pressure over the ocean causing surface flow to be from the
land (Figure 1.1).
Circulation theorem, given by the following equation, can be utilized to develop a
conceptual understanding of sea breeze circulation (Haurwitz, 1947; Holton and Hakim,
2013):
(1.1)

Where

represents the absolute circulation, t represents the time,

is the

density of the air, and p represents air pressure. This equation relates time rate of change
of absolute circulation to baroclinic forcing given by the solenoidal term on the right
hand side of the equation. Neglecting the effects of the rotation of earth and considering
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a circulation loop between ocean and land bounded by two constant pressure surfaces p1
and p2 we can obtain the following.

Figure 1.1 Conceptual model for the formation of sea and land breezes.
3

Substituting for density using the equation of state, the following form of the circulation
theorem is obtained:
(1.2)

Where C is the relative circulation, T is the temperature of the air, and p
represents the pressure of the air (Figure 1.2). In the above equation, since the upper and
lower segments of the line integral on the RHS are constant pressure surfaces, only the
vertical segments over land and water contribute to the generation of circulation. Thus,
Equation (1.2) is modified as follows; subscripts L and O are used to indicate air
temperatures of the atmospheric column over land and ocean respectively.
(1.3)

Using the definition of mean layer temperature:
(1.4)

Equation (1.3) can be modified as follows in terms of mean layer temperatures of an
atmospheric column over land ( ) and ocean (

) respectively:
(1.5)
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Assuming a mean tangential component of velocity <v> along the circulation
loop, the circulation can be approximated as <v>2(h+l) where h and l are the horizontal
and vertical extent of the loop. Using this approximation, time rate of change of sea
breeze circulation is given by:
(1.6)

If Coriolis and frictional effects are neglected, Equation (1.6) shows that the
strength of the sea breeze circulation is modulated by differences in mean layer
temperature between the land and ocean. Thus the sea breeze is potentially impacted by
processes that affect mean layer temperature over land and ocean, including land use land
cover change and aerosol radiative forcing.

P2
TO

C

h

TL

P1

L

Figure 1.2 Integration loop for time rate of change of the sea breeze circulation.
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In addition to baroclinic forcing of the sea breeze circulation, there are other
factors that influence the formation and evolution of the sea breeze circulation. These
include orientation of the coast relative to the prevailing winds and frictional effects
depending upon the nature of coastal land areas (Haurwitz, 1947; Burpee and Lahiffi,
1984; Arritt, 1993; Azorin-Molina et al., 2009; Gille and Smith, 2014). For example,
studies show that prevailing winds that are perpendicular to the coastline can promote
faster (slower) sea or land breeze propagation and weaker (stronger) surface convergence
zones depending on direction of flow from the shore. Strong synoptic winds in the
direction of the breeze may inhibit breeze development completely. Winds with a
dominant component parallel to the coast leads to slow propagation or even stagnation of
the sea breeze. Surface roughness also plays an important role in the propagation of sea
breezes. Whereas smaller values of surface roughness along the coastline allow sea
breezes to quickly penetrate inland rough terrain can drastically impede the inland
propagation of the breeze (van der Molen et al., 2006 and Gille and Smith, 2014).
The relationship between sea breeze circulation and rainfall has also been a topic
of interest to several prior studies. In the United States, sea breeze circulations and
collision of sea breeze fronts is a near daily phenomenon over peninsular Florida. Burpee
and Lahiffi (1984) analyzed differences in surface rainfall observations between the
southern Florida peninsula (Tavernier, FL) and the island chain just south of the
peninsula (Key West, FL). Three year analysis of summer rainfall shows that average
rainfall for Key West is 4.2 mm per day whereas it is 6.7 mm per day for Tavernier.
Since the two sites are geographically close and sea breeze circulation does not
substantially impact Key West, 30-40% enhancement of rainfall over the south Florida
6

peninsula can be attributed to the sea breeze circulation. Over Mississippi and Louisiana,
Hill et al. (2010) found convective initiation and rainfall patterns that are well correlated
to land and sea breeze locations. Maximum rainfall is observed over the Gulf of Mexico
during the overnight hours (2300-0700 CDT), potentially linked to offshore propagation
of the land breeze. Hill et al. (2010) found monthly differences in the land breeze
circulation across the gulf region attributable to the overall wind regime differences. Hill
et al. (2010) also conducted a multiple linear regression analysis to determine the
relationship between areal rainfall coverage associated with sea and land breeze
circulations and environmental variables that are relevant to convective rainfall.
Environmental predictors considered were convective available potential energy (CAPE),
precipitable water (PW), 850 hPa wind direction, K Index, 850 hPa dewpoint, 700 hPa
dewpoint depression, and 850-500 hPa lapse rate. Convective available potential energy
and PW were found to be significant yet weak predictors of rainfall coverage and thus
major factors that explain rainfall variability associated with sea and land breeze
circulations are still unknown.
Terrain features can also enhance convective initiation along the sea breeze.
Chen et al. (2014) determined ~75% of the rainfall during the summer monsoon breakrevival phase in the Taipei basin resulted from thunderstorms generated by the sea breeze
interaction with mountains. Chen et al. (2014) also determined that drainage flows from
coastal mountain slopes enhance development of land breeze compared to flatter coastal
terrain.
In addition to rainfall enhancement, land and sea breeze circulations can also
increase the potential for severe weather. A recent field campaign conducted in Boonah,
7

southeast Queensland Australia found a strong relationship between the formation of
severe hailstorms and the presence of a sea breeze (Soderholm et al., 2016).
Whereas sea breeze circulations is a dominant feature in all coastal regions around
the globe, it is especially relevant to weather and climate of the Maritime continent. Mori
et al. (2004) analyzed the diurnal variation of precipitation over the Maritime Continent
and found substantial differences between the nighttime (00-11 LT) and daytime (12-23
LT) precipitation patterns (Figure 1.3). Analysis of Mori et al. (2004) found that
maximum precipitation over islands in the Maritime Continent occur during the afternoon
period, while the heaviest precipitation over the oceans occurs during the early morning
hours. This pattern of observed diurnal variability is a signature of sea and land breezes
being an important process for convective initiation and precipitation formation in the
region.
Analysis of Qian (2008) also shows this diurnal trend where precipitation is
disproportionately higher over islands in the Maritime Continent during daytime and
ocean regions between large islands during nighttime, compared to more remote areas of
the surrounding ocean. This diurnal cycle in precipitation can be tied once again to the
land and sea breeze circulations within this region. The enhanced region of precipitation
during the morning hours is due multiple land breeze interactions from the various
islands in the Maritime Continent.
Qian (2008) also examined the influence of island size and terrain on the spatial
pattern of precipitation, especially rainfall maxima over the islands. Over small islands,
sea breezes converge very rapidly at the island center, causing maximum rainfall to occur
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Figure 1.3 Mori et al., (2004) Figure 1. (a) 1998-2000 annual mean rainfall over the
Maritime Continent observed by the Tropical Rainfall Measuring Mission (TRMM)
precipitation radar and (b) Regional variation of annual mean difference between
morning rain (00-11 local time) and evening rain (12-23 local time) over the area
observed by the TRMM precipitation radar, where positive values denote more rainfall
observed in the evening than in the morning.
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in this region and earlier in the day. Over larger islands, precipitation generally develops
later in the day and along the coastlines since the sea breezes rarely converge in the
middle of the island. As discussed earlier, terrain generated upslope and downslope
circulations can reinforce sea and land breeze circulations respectively. Combined with
enhanced convergence over mountain slopes, precipitation is maximized over
mountainous islands. Since small islands in the Maritime Continent are not effectively
resolved by coarse resolution global circulation models, these models underestimate
precipitation within this region leading to a decrease in condensational latent heating
within this region, which affects the global circulations (Qian, 2008; van der Molen et al.,
2011).
Maritime regions contribute approximately 40% of the latent heating in the global
tropics compared to the roughly 20% contribution by continental convection (van der
Molen et al., 2006). In this region, due to the relative lack of synoptic scale systems and
small Coriolis force, sea breeze circulations are a dominant contributor to cloud and
precipitation formation (Tijm, 1999; Mori et al., 2004; Qian, 2008). Thus, in the
maritime continent, small islands have a climatic impact that is disproportionate to their
areal extent (van der Molen et al., 2006; Qian, 2008).
In the tropics, shallow and deep convective cloud structures organize in hierarchy
of spatial scales ranging from meso-gamma to planetary scales (Malkus and Riehl, 1964;
Madden and Julian, 1971; Purdom, 1976; Sui and Lau, 1989; Mapes, 1993; Tompkins,
2001; Stephens et al., 2004; Benedict and Randall, 2009; Feng and Christopher, 2015).
The hierarchy of deep convective organizations starts with convective phenomenon in the
meso γ to α range. These convective modes, especially Mesoscale convective systems
10

(MCSs) are coupled to larger scale 30-60 day Madden Julian oscillation (MJO). The
MJO is a multiscale phenomenon with super cloud clusters (SCC) of 2000- 4000 km
spatial scale and planetary scale circulation features of 20,000 – 40,000 km (Sui and Lau,
1989). The SCC and planetary scale circulation is linked to eastward propagation of
positive and negative rainfall anomalies. Adjustment between large circulation and latent
heating from SCCs generate Rossby waves and westward propagating convective clusters
(Sui and Lau, 1989).
Processes that impact this transition from smaller to larger scales in this
convective hierarchy play an important role in determining tropical weather and climate.
At the lower end of the hierarchy is the shallow convection over the open ocean.
Transition of this shallow convection to deep convection is very much dependent upon
the forcing associated with boundaries such as mesoscale arcs. Mesoscale arcs are
formed when cold pools from a small portion of precipitating clouds within the shallow
cloud fields propagate and leads to aggregation of convection and transition to deeper
cloud structures (Tompkins, 2001; Feng et al., 2015). Land breeze circulation
propagating into the open ocean or sea breeze propagating onto land and their associated
convective activity can also trigger aggregation of shallow convection and is thus another
potential pathway through which land/sea breeze circulation impacts tropical climate
(Baker et al., 2001; Qian, 2008).
Since, such mesoscale circulations are impacted by land use and land cover
change (Tijm, 1999; van der Molen et al., 2006; Nair et al., 2011), deforestation on the
maritime continent may also exert disproportionate influence on tropical climate
compared to deforestation over continental regions. Tijm (1999) examined the impact of
11

land cover on sea breeze propagation by comparing numerical model simulations of sea
breeze evolution assuming forest and pasture land cover scenarios. These simulations
found sea breeze circulations to be stronger for forested scenario with the propagation
speed increase in excess of 2 m s-1 and an increase in upward velocity along the sea
breeze front. Equation 1.6 shows that the higher sensible heat flux and associated
increase in mean layer temperature of the PBL over land implies a stronger sea breeze
circulation over forested land compared to pasture land cover. Impact of land cover and
land use change on sea breeze circulation is thus very dependent on how it alters the
surface energy budget. Other feedback effects can also play an important role, as found
by numerical simulations conducted by Van der Molen et al. (2011). This work
investigated the impact of deforestation in a tropical setting where terrain influences are
present. Unlike Tijm (1999), this study found that deforestation led to a reduction in
cloud cover, which enhanced solar heating leading to a stronger temperature gradient.
This stronger temperature gradient resulted in the formation of a stronger sea breeze
circulation, but did not result in an enhancement of precipitation due to overall reduction
in cloudiness.
This deforestation can also lead to a decrease in soil moisture leading to shallower
weaker convection due to a decrease in CAPE and an increase in the level of free
convection (LFC) and lifted condensation level (LCL) (Baker et al., 2001; Nair et al.,
2003; Feng, 2016). Recent review by Mahmood et al. (2014) identifies land use/land
change changes as a priority research question regarding tropical deforestation. Aerosol
radiative forcing is another regional climate forcing factor that can impact sea breeze
circulation due to a reduction in downwelling solar radiation at the surface. Whereas
12

aerosol transport by the land and sea breeze has been subject to several studies (Young
and Winchester, 1980; Moorthy et al., 1993; Wang et al., 2013; etc.), the impact of
aerosols on sea breeze circulation has not yet been effectively addressed.
In the above described context, sea and land breeze circulations play an important
role in determining the weather and climate of the Maritime Continent and global
climate. However, little is known about the characteristics of sea and land breeze
circulations in this region and also the impact of regional forcing factors (land cover land
use change and biomass burning) on these circulations. This thesis provides a
preliminary analysis of characterizing sea and land breeze circulations in the coastal
regions of Sarawak, Malaysia which is located in Borneo, the largest island in the
Maritime Continent. This study area is specifically chosen since it has experienced large
scale deforestation at the start of this century and is also impacted by periodic biomass
burning activity. In specific, this study addresses the following scientific questions:
1) Document the nature of the land and sea breeze circulation in the coastal
regions of Sarawak, Malaysia.
2) Is the land and sea breeze circulation impacted by regional climate forcing
factors, namely land cover and land use change?
3) What are the processes through which land use and land cover change impact
cloud and precipitation formation along the land and sea breeze fronts?

13

CHAPTER 2

DATA AND METHODOLOGY

In order to characterize the nature of sea and land breeze circulation patterns in
the Sarawak region, the Japanese Multi-Function Transport Satellite (MTSAT) satellite
observations are utilized. Diurnal variation of precipitation associated with the zones of
influence of sea and land breeze circulation is examined using the Tropical Rainfall
Measurement Mission (TRMM) data. Numerical modeling simulations, conducted using
the Weather Research and Forecasting (WRF) model is used to investigative the impact
of land use and land cover change on sea breeze circulation and associated cloud and
precipitation formation.
2.1 Area of Study
This study is focused over the northern coast of Borneo, which is the large central
island in the Maritime Continent in order to determine where the sea/land breeze fronts
were located. This roughly encompasses 110° -113 E longitude and from 1- 4 N
(Figure 2.1).
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While sea and land breezes form along the entire coast of Borneo, this study will
focus on the coastal region of Sarawak where substantial deforestation has taken place in
the last decade. The peat swamp forest across this region has been decimated by farmers
clearing land for palm tree plantations.

Figure 2.1 View of the Maritime Continent and surrounding region. Region of interest is
denoted by red box.

2.2 Characterization of sea and land breeze circulation using MTSAT observations
The MTAST is a geostationary satellite operated by the Japanese Ministry of
Land, Infrastructure, Transport and Tourism as well as the Japan Meteorological Agency.
It covers the hemisphere centered on 140E. The MTSAT observes the earth-atmosphere
system within 5 spectral bands 1 visible channel and 4 infrared channels (Table 2.1).
15

This study relies primarily on visible channel imagery to manually identify sea and land
breeze circulations. Whereas high cloud cover, especially cirrus over this region can
mask near surface cloud formation, when favorable conditions exist the sea and land
breeze phenomenon can be manually identified in satellite imagery. Over the ocean, the
land breeze can often be identified by locating convective development along the frontal
boundary. The line of clouds associated with the land breeze front maintains structure
and propagates over the open ocean through the day (Figure 2.2). However, identifying
sea breeze front over land is dependent on convective development, with its location in
the satellite imagery being determined as the boundary between clear sky conditions that
intrude on to cloud fields that develop over land and propagate inland during the day.

Table 2.1 Characteristics for the Japanese Multi-Function Transport Satellite.

MTSAT Properties
Channel Wavelengths

0.55-0.8 (Visible), 3.5-4 (Infrared),
6.5-7 (Infrared), 10.3-11.3 (Infrared),
and 11.5-12.5 µm (Infrared)

Spatial Resolution
Temporal Resolution
Spatial Coverage

1 km (visible) and 4 km (Infrared)
Hourly
80.5 S-80.5 N, 60.4 E-139.4 W

A python based tool is utilized for manual analysis of sea and land breeze fronts
identified in visible satellite imagery using the above described features. The analysis
tool allows for the user to mark transects on displayed MTSAT satellite imagery.
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Geographic coordinates of transects identified by the user is stored in a simple database
and the process is repeated for a time series of day time satellite imagery. Subsequent
locations of the sea and land breeze fronts are analyzed to determine the propagation
speeds of the fronts and also the spatial domain of influence.

Figure 2.2 Example MTSAT visible satellite image used for sea and land breeze
identification on July 31, 2009 at 0630 UTC. The green lines denotes the land breeze
fronts (slightly offset for clarity) while the blue denotes the sea breeze fronts.
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2.3 Characterization of sea and land breeze circulation using TRMM observations
Rainfall characteristics associated with the land and sea breeze circulation fronts
are examined using the TRMM observations. The TRMM satellite is a geocentric
satellite (50N to 50S) operated by the National Aeronautics and Space Administration
(NASA) and the Japan Aerospace Exploration Agency (JAXA). The TRMM satellite
observes the earth-atmosphere system with various sensors including the precipitation
radar, microwave imager, and visible and infrared scanner. The 3B42 TRMM rainfall
product is used to examine spatial and diurnal patterns of rainfall in regions influenced by
land and sea breeze circulations. The 3B42 TRMM rainfall estimates are derived from
the microwave imager and the visible and infrared scanner using a two-step process.
First, the data from the visible and infrared scanner, microwave imager, and a TRMM
combined instrument calibration parameter are used to produce monthly IR calibration
parameters. Next these derived monthly IR calibration parameters are used to adjust the
merged-IR precipitation data which consists of data from six other satellites. This dataset
is available every three hours with a spatial resolution of 0.25x 0.25 and is designed to
maximize data quality (Huffman and Bolvin, 2014). Due to the large spatial area covered
by TRMM, precipitation tends to be underestimated where localized heavy convective
rain occurs. Differences between monthly average rainfalls for night and day time hours
over the study region are used to examine the impact of land and sea breeze circulation
on rainfall.
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2.4 Weather Research and Forecasting Model Configuration

In order to better investigate the role of land use land cover change on mesoscale
circulations, clouds, and precipitation the WRF (version 3.7.1; Skamarock et al, 2005)
model is used. The WRF model is a fully compressible non-hydrostatic mesoscale model
with a hydrostatic option. Arakawa C-grid stagger is utilized by WRF and allows for grid
nesting with both one and two way interaction capabilities. In the vertical, terrain
following coordinate system is used. In this study, a four nested grid structure is used
with the outermost grid of 64km grid spacing and a domain that covers the majority of
the Maritime Continent is utilized. The three interior grids utilize a one to four grid
spacing ratio with respect to the parent grid with 16km, 4km, and 1km grid spacing
respectively. The inner most grid of 100km x 100km domain is centered over the
Sarawak, Malaysia coast specifically 2.7N, 111.7E (Figure 2.3).
The two inner grids are utilized for the analysis of sea and land breeze
circulations, since these features are better resolved by the grids with 4km and 1km
spacing. The Global Forecast System reanalysis was used for lateral and surface forcing
within the model. Explicit microphysical parameterization is utilized in the two
innermost grids. The microphysics scheme used is the New Thompson et al. scheme
(Thompson et al., 2008) that includes rain, ice, snow, graupel, and hail hydrometeor
interaction processes as well as prognosis of rain number concentrations. The
shortwave/longwave radiation scheme used for this study was RRTMG (Mlawer, 1997)
which is a newer version of RRTM with MCICA method of random cloud overlap, in
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addition to some major trace gases such as CO2, N2O, and CH4. A sensitivity test of
WRF parameterization schemes were performed by Feng (2016) to identify which

Figure 2.3 The 4 domains for the simulations. The blue and yellow domains are the
primary domains of interest for analysis.

combination of planetary boundary layer, microphysics, radiation, and land surface
model parameterizations provided optimal model performance over the study region.
This analysis found that a combination of ACM2 Planetary Boundary Layer scheme and
the Noah Land Surface Model scheme provided optimal performance of cloud fields and
rainfall in the study region. The ACM2 scheme is an asymmetrical convective model
with non-local upward mixing and local downward mixing. (Pleim, 2007) The Noah
land surface model scheme is a unified NCEP/NCAR/AFWA scheme in which soil
temperature and moisture is solved for user specified soil layers.
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The WRF was used to conduct paired simulations for the month of August 2009
that differed only in land cover. The land cover scenarios considered the impact of
deforestation that occurred in the study region between the years 2000 and 2010. In
2000, a substantial portion of the study region was covered by peat swamp forest. In just
ten years, drastic deforestation had occurred replacing the peat swamp forest with
patchwork of areas cleared for agricultural areas. These changes introduced substantial
heterogeneity in land use and land cover, characterized by sharp boundaries between
adjacent patches of natural peat swamp forest and the agricultural lands. The National
University of Singapore’s Center for Remote Imaging, Sensing, and Processing (CRISP)
Moderate Resolution Imaging Spectroradiometer (MODIS) derived land cover datasets
from 2000 and 2010 are used in WRF to prescribe the pre and post deforestation
scenarios (Figure 2.4).

2000 Land Cover

2010 Land Cover

Figure 2.4 CRISP MODIS land cover datasets valid for the year 2000 (left) and 2010
(right) for the innermost domain (yellow box in Figure 2.3).
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The paired WRF simulations are initialized using the same atmospheric conditions, and
atmospheric evolution is simulated for a 24 hour period starting from 12 UTC (local time
is UTC plus eight hours). The land surface conditions are propagated from one 24 hour
simulation cycle to the next. In the analysis of model output, the first hour in each run is
neglected as model spin up time.
2.5 Analysis of sea and land breeze fronts in model output
Numerical model outputs were analyzed using the Python Graphical user
interface of Earth Observations and Model Evaluation Toolkit (PyGEOMET), which is a
Python based analysis software for numerical model outputs. This tool is used to analyze
the location of sea and land breeze fronts, clouds, and precipitation formation along the
fronts in both the 2000 and 2010 land cover scenarios. In order to determine the sea
breeze locations within the model data, vector wind, surface divergence, and surface
based CAPE fields are examined. On the island of Borneo the general flow is off the
northern coast and the onset of the land and sea breeze is readily identified by veering of
the winds along the coastline. Coincident with the zone of veering winds, enhancements
of the surface based CAPE and strong convergence of low level winds is also present.
Combination of the above described features is utilized to analyze the evolution and
propagation of the sea and land breeze fronts. Once strong convection develops along the
land or sea breeze front, unambiguous identification of the front is no longer possible due
to formation of outflow boundaries. Using the above described procedure, the
differences in evolution of sea and land breeze circulation between the 2000 and 2010
land cover scenarios are analyzed for several case studies. The PyGEOMET analysis
software is also used to examine how land cover and land use change impacts cloud and
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precipitation formatting along the fronts. Specifically, horizontal and vertical cross
sections of the model fields are used to examine how the convective initiation and
structure of the convective cloud differ in response to boundary layer perturbations
caused by land use land cover changes.
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CHAPTER 3

RESULTS

3.1 Satellite Analysis of Land and Sea Breeze Circulation

The visible channel MTSAT satellite imagery is used to analyze frequency of
occurrence of land and sea breeze circulation over the study areas for the month of
August 2009. Out of the 31 days analyzed, land and sea breeze fronts are observed on 14
(~45%) and 21 days (~68%) respectively. However, note that the frequency of
occurrence of land and sea breeze fronts determined using satellite imagery is an
underestimate due to frequent occurrence of higher level clouds that obscure low level
cloud formations used to detect the fronts.
Analysis of MTSAT imagery shows that preferential formation of the land breeze
in the study area occurs along the section of the coast line located between longitudes of
110.5E and 115E (Figure 3.1). Earliest occurrence of the land breeze is detected in
satellite imagery at 0030 UTC at ~3 km from the coast and propagates offshore in excess
of 265 km by 0930UTC. The propagation speed of the sea breeze front is estimated by
determining consecutive times and dividing the distance by the time interval between

24

the scenes. For the days analyzed, propagation speed ranged between 1.4 m s-1 and 4.8 m
s-1, with mean speed estimated to be 3.0 m s-1.

Figure 3.1 Land (green) and sea breeze (blue) front locations detected using MTSAT
visible satellite imagery for the month of August, 2009.

A similar analysis of sea breeze fronts in MTSAT satellite imagery show that the
sea breeze front in the study area form most frequently along the region of coast between
longitudes of 112.5E and 115E (Figure 3.1). Initial formation of the sea breeze occurs
~2km onshore at 0330 UTC and propagates up to 55km inland by 0700 UTC.
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Propagation speed of the sea breeze front was estimated to range between 0.4 m s-1 to 4.0
m s-1, with mean value of 1.8 m s-1.
Analysis of MTSAT observations shows substantial variability in propagation
speed of the fronts. Whereas this study did not investigate factors responsible for this
variability, prior studies suggest that low level wind speed and direction as well as
interactions with other mesoscale flow features such as outflow boundaries can modulate
propagation speeds. Surges in the sea breeze front can occur during the merger of sea
breeze front and roll updrafts (Dailey and Fovell, 1999; Fovell and Dailey, 2001; Chen et
al., 2014). Further research is needed to understand factors that most influence the
variability in propagation speeds of land/sea breezes fronts in the study region.
A comparison between morning and afternoon rainfall similar to Mori et al.
(2004) and Qian (2008) is shown in Figure 3.2. In order to observe the diurnal variation
the 4km grid spacing domain was used to capture the full extent of the circulations.
Differences in monthly average rainfall between the evening (noon – midnight local time)
and morning hours (midnight – noon local time) show that rainfall is enhanced over land
areas immediate to the coast line during the morning hours. Rainfall in the interior land
areas occurs during the evening hours when the sea breeze circulation propagates further
inland. Transition between these two rainfall zones is demarcated by the mean location
of the sea breeze front at 12pm local time. Similarly, a band of enhanced precipitation
that is bounded by the coast line and the mean location of the land breeze front at 12pm
local time, occur during the morning hours. This is indicative of rainfall over ocean
regions resulting from convection initiated by land breeze from the previous day.
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Highest rainfall over ocean occurs in areas further north, and could be due to convection
initiated by further propagation of the land breeze.

Figure 3.2 Observed TRMM morning rainfall (midnight to noon local time), evening
rainfall (noon to midnight local time), and the difference between the two in mm for the
month of August 2009. Green and blue lines represent the monthly mean position of the
land and sea breeze front respectively at noon local time.

3.2 Model Results

Numerical simulation for the month of August 2009 assuming 2000 and 2010
land cover scenarios were manually analyzed to characterize propagation of land and sea
breeze fronts. Land and sea breeze characteristics derived from model simulation output
for 2010 land cover scenario is generally consistent with results obtained from the
MTSAT visible channel image analysis. Land breeze in model simulations was found to
occur along the coastline region between 111.25E and 113E longitudes (Figure 3.3). It
is possible to reliably identify land and sea breeze fronts via wind flow in the numerical
model output when compared to MTSAT analysis, since the latter relies solely on the
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presence of low level clouds features for identification. Unlike MTSAT analysis, land
breeze formation and propagation was detected within the concave region of the coast on
at least half the days. Land breeze circulation was detected for all the simulated days,
even though the duration of the feature showed substantial variation.

Figure 3.3 Land (green) and sea breeze (blue) front locations detected in the 2000 land
cover scenario for the month of August 2009.
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Land breeze initiated convection on 42% of the days. Land breeze in the model
simulations occurred in the vicinity of the coastline at ~1430 UTC and propagated
approximately 150km from the coastline by 0145 UTC. The range of propagation speed
of land breeze in model simulations varied between 0.8 m s-1 and 3.8 m s-1 and had a
mean value of 2.2 m s-1.
Location of sea breeze formation in numerical model simulation is along the
region of the coast between 111.5E through 113.25E longitudes (Figure 3.3). Forming
close to the coast at ~0400 UTC, sea breeze front propagates up to 75km inland by 0830
UTC. Propagation speed of sea breeze circulation range from of 0.7 m s-1 to 4.0 m s-1,
with a mean value of 2.4 m s-1. Sea breeze circulation is detected in 90% of the simulated
days and initiated convection on 52% of the days.
Compared to the 2010 land cover scenario, 2000 land cover scenario showed
some small differences in sea breeze characteristics. Sea breeze formation occurred only
on 87% of the days in the 2000 land cover scenario and mean propagation speed is ~2 m
s-1. The difference in propagation speed, through a two-tailed Student’s t-test, was
determined to be 80% statistically significant.
Monthly accumulation of rainfall in the innermost grid show maximum grid point
precipitation of ~743mm and 640mm for 2000 and 2010 land cover scenarios
respectively (Figure 3.4). Average rainfall over land is reduced by 30 mm in the 2010
scenario compared to the 2000 land cover scenario. Substantial reduction in precipitation
occurred in the 2010 scenario along the coastline as well as in the eastern portion of the
domain.
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Figure 3.4 Accumulated precipitation (mm) for August 2009 from the 2000 land cover
scenario (left), 2010 land cover scenario (middle), and difference between 2010 and 2000
land cover scenario (right) for the inner most grid.

Analysis of diurnal variation of model simulated rainfall for the 4km grid spacing
domain show a pattern that is very similar to that found in the analysis of the TRMM
precipitation product. A decreased band of precipitation is found over the ocean region
immediate to the coast line in 2010 land cover scenario (Figure 3.5). However, there is
higher amount of precipitation in this zone for the 2000 land use scenario. This indicates
deforestation is reducing the amount of rainfall generated by convection along the land
breeze front immediately off the coast. However, farther off the coast this pattern is
reversed in which the 2010 land use scenario has higher precipitation amounts than in the
2000 land use scenario. The diurnal difference plots also show a decrease in precipitation
in land areas that are within the zone of influence of the sea breeze.
3.3 Case Studies
An in-depth analysis of three particular case days is used to understand the impact
of land use land cover change on sea breeze propagation, convective initiation,
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and precipitation development along the front. The first case day considered is August
31, where a substantial difference in simulated precipitation between the 2000 and 2010
land

Figure 3.5 Model simulated grid 3 accumulated rainfall (mm) for morning and evening
for August 2009 for 2000 land cover scenario (top row) and 2010 land cover scenario
(bottom row). For time periods of midnight to noon LT (left column), noon to midnight
LT (middle column) and the difference between the two (right column).

cover scenarios exist. Due to differing land surface conditions along the coast line,
convection intiated earlier in the day differ slightly between the 2000 and 2010
simulations. Out flow boundaries from these convective events interact and cause larger
changes in convective activity later in the day.
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The second case day of interest is August 09. This case day is characterized by
multiple interactions between outflow boundaries and the sea breeze front leading to
convective initiation. This case also displays how land use land cover change affects
propagation speeds of mesoscale phenomenon across the island.
The third case day of interest is August 23, characterized by convective initiation
all along the land and sea breezes during the late morning. Unlike other case days,
widespread convection formed along the front and produced a substantial swath of
rainfall.
3.3.1 August 31, 2009 Case Day
Whereas model simulated cloud fields showed differences in timing and location
compared to satellite observed cloud formations, model simulations were successful in
capturing general patterns of cloud formation in the study area (Figure 3.6). Similar to
satellite observations, numerical model simulations for the 2010 land cover scenario
show cloud formation over land immediate to the coast and within the zone of influence
of the sea breeze. Further inland, away from the zone of influence of the sea breeze,
convection initiated by horizontal convective rolls (HCR) are present in both the model
simulations and in satellite imagery. At the center region of the fine grid domain, clouds
associated with HCRs later develop into a larger convective system, both in model
simulations and satellite observations.
When comparing differences in cloud development between 2000 and 2010 land
cover scenarios, differences in convective initiation along the sea breeze front is found
at~ 0300 UTC (Figure 3.6). Convective cells forming along the northern coast evolved
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Figure 3.6 Left column 2000 simulated cloud albedo, middle column 2010 simulated
cloud albedo, and right column MTSAT observed reflectance. Top row valid for 0330
UTC, top middle row valid for 0430 UTC, bottom middle row valid for 0530 UTC,
bottom row valid for 0630 UTC August 31.
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differently in the 2000 land cover scenario compared to the 2010 land cover scenario,
highlighted within the red box of Figure 3.6. Differences in structure of the cloud fields
in the central and eastern half of the domain continue to persist through the day. These
convective cell evolution differences and outflows from these thunderstorms result in
larger changes in convective activity further inland later in the day.
Differing cloud field development also result in differences in the spatial pattern
of accumulated rainfall (Figure 3.7). Convection initiated by the sea breeze along the
northwestern coast during the early hours (red box, Figure 3.6) and subsequent
interactions, generate local enhancement of rainfall in the 2000 land cover scenario
(labeled A in Figure 3.7), compared to 2010 land cover scenario (labeled B in Figure
3.7). The land cover maps show existence of forest cover coinciding with the above
described local maximum of precipitation in the 2000 land cover scenario, whereas it is
deforested in the 2010 land scenario (Figure 3.8).
Comparison of vertical cross sections of the z-component of wind velocity
through the region of localized precipitation maximum from the 2000 land cover scenario
(labeled A in Figure 3.7) show differences in the evolution of HCRs ahead of the sea
breeze circulation (Figure 3.9). Interaction between the sea breeze front and HCRs can
alter convective development along the sea breeze front. Differing spatial structure of the
HCRs between the 2000 and 2010 scenarios, combined with additional moisture flux
from forested land cover could be a possible cause for enhanced convection along the sea
breeze front in the 2000 land cover scenario. Spatial plots of the surface divergence field
for the 2000 land cover scenario show signatures of outflow from three convective cells
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A

B

Figure 3.7 24 hour accumulated precipitation (mm) ending at 1200 UTC on August 31,
2009 for the 2000 land cover scenario (left), 2010 land cover scenario (middle), and the
2010-2000 difference (right). Red box denotes same area from Figure 3.6.

Figure 3.8 Land cover data set for the area of interest (red box Figure 3.7) for the 2000
land cover scenario (left) and 2010 land cover scenario (right). Yellow is the peat swamp
forest, blue is plantations/agricultural areas, orange is lowland mosaic, red is mangrove,
and oragne-red is water. Box denotes region of heaviest precipitation from Figure 3.7.
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located in close proximity along the sea breeze front at 0330 UTC (labeled A in Figure
3.10).
In the 2010 land cover scenario, the divergence field shows that only one distinct
convective outflow is present at the same location at this time. At another location along
the western coast (labeled B in Figure 3.10), convection is less developed in the 2000
land cover scenario compared to the 2010 land cover scenario. Further inland along the
western coast, convection is more developed in the 2000 land cover scenario compared to
the 2010 land cover scenario (labeled C in Figure 3.10). By 0400 UTC, outflow from
convective cells at location A, B, and C in the 2000 land use scenario is more vigorous
compared to the 2010 land cover scenario (D and E in Figure 3.10).

Figure 3.9 Vertical cross section of vertical velocities (m s-1) through 111.61° E for the
2000 land cover scenario (left column) and 2010 land cover scenario (right column), at
0230 UTC August 31, 2009 (top row), and 0300 UTC August 31, 2009 (bottom row).
Red colors denote upward motion while blue colors represent downward motion.
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D

E

I

Figure 3.10 Surface divergence (10-5 s-1) field for August 31, 2009 for the 2000 land
cover scenario (left column) and 2010 land cover scenario (right column) valid at 0330
UTC for the top row, 0400 UTC for the top middle row, 0430 UTC for bottom middle
row, and 0500 UTC bottom row.
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Ahead of the sea breeze, the structure of the HCRs between the 2000 and 2010
land cover scenarios also differ, with several elongated and enhanced downdraft regions
being present in the 2000 land cover scenario. Interactions between the merged sea
breeze and outflow fronts led to additional development of convective cells along those
fronts later in the day. The nature of convection is more isolated along the merged front
in the 2000 land cover scenario. These differences in convection along the merged front
results in a north east orientation of the front in 2000 land use scenario, whereas it takes
an inverted “L” shape in the 2010 land use scenario by 0500 UTC. Higher precipitation
along the northwest coastal region of the study area in the 2000 land use scenario
potentially resulted from higher surface moisture availability and the more isolated
organization of thunderstorms in comparison to the 2010 land cover scenario.
3.3.2 August 9, 2009 Case Day
The August 9, 2009 case day is characterized by interactions between
thunderstorm outflows and sea breeze fronts being the dominant cause of convective
initiation. Thunderstorm outflow interactions with the sea breeze are common and
occurred on seven days (~23% of the time) during the one month period of August 2009.
Convective initiation occurred on five of these seven days (16% of the time).

Model

simulation for the case day shows that this process can result in substantial rainfall
accumulations and is sensitive to land cover change (Figure 3.11). Changes in rainfall
associated with differences in land cover, occur along a band that is parallel to the
coastline and along the southern and western portion of the domain.
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Visible channel imagery from MTSAT (Figure 3.12) shows convective
development along the southwest corner of the study region that initiates a thunderstorm
outflow at 0330 UTC. During the later hours a band of convective development occurs

Figure 3.11 24 hour accumulated precipitation (mm) ending at 1200 UTC on August 9,
2009 for the 2000 land cover scenario (left), 2010 land cover scenario (middle), and the
2010-2000 difference (right).

parallel to the coastline which gradually expands to fill most of the land in the study
region where model simulations show rainfall. Skew-T Log-P diagram from the 2010
land cover scenario (Figure 3.13) exhibits an inverted “v” feature in the lowest 150 hPa
layer in which the dewpoint depression is highest at the ground and decreases to near
zero at the top of the feature. This feature facilitates evaporatively driven downdrafts,
due to large temperature and moisture differentials between the downdraft and the
surrounding air.
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A)

E)
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F)

C)

G)

D)

H)

Figure 3.12 Hourly MTSAT visible imagery for August 9, 2009 valid from 0030 UTC
through 0730 UTC (panels A-H).
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Evolution of the low level divergence field from 0430 UTC to 0800 UTC (Figure
3.14), is used to investigate differing interactions between the sea breeze and
thunderstorm outflows in the 2000 and 2010 land cover scenario simulations. At 0430
UTC multiple convective cells formed along the north south oriented sea breeze across
the southwestern portion of the domain in both simulations. The location and number of
cells differed between the simulations, with convection and outflows forming further east
in the 2010 land cover scenario compared to the 2000 land cover scenario. Divergence
associated with HCRs that form in the center of the domain is substantially stronger in

Figure 3.13 Skew-T Log-P mixed layer analysis at 0600 UTC August 9, 2009 from the
2010 land cover scenario at 2.7 N and 111.62E.
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the 2010 scenario. The sea breeze front along the northern coast is well developed in
both simulations, and from 0430-0600 UTC the eastern extent of the sea breeze front
propagates inland faster in the 2010 land cover scenario. A convective complex is
present in the southwestern portion of the domain in both scenarios and propagates
eastward.
Outflow boundaries from the convective complex propagate eastward faster in the
2010 scenario. Stronger HCR patterns occur in the region between the eastward
propagating outflow from the thunderstorm complex and the southward propagating sea
breeze in the 2010 land cover scenario. Interaction of the HCRs with the sea breeze leads
to enhanced convective development on the northeastern extent of land in the 2010
scenario by 0600 UTC. The outflow from the thunderstorm complex collides with the
southward propagating sea breeze front leading to convective development near the
middle of the study region by 0700 UTC. Convection initiated by the collision of the sea
breeze and thunderstorm outflow continue to grow at 0800 UTC, with outflow from these
storms propagating in all directions in both scenarios. Subtle changes in boundary layer
circulations and convection forming in the early hours propagate and further amplify
changes through the day, causing substantial changes in accumulated precipitation.
3.3.3 August 23, 2009 Case Day

The August 23, 2009 case day convection formed along the sea and land breeze
fronts in the late morning. This case is unique in that the sea breeze and land breeze both
initiated convection along their entire length. Out of the 31 days examined, only 2 days
had convection along the entirety of the fronts. Accumulated rainfall plot shows
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A)

B)

C)

D)

Figure 3.14 30 minute surface divergence (10-5 s-1) fields for August 9, 2009 valid from
0430 UTC - 0730 UTC (panels A-H) for the 2000 land cover scenario (left column) and
2010 land cover scenario (right column).
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F)

G)

H)

Figure 3.14 (cont.) Surface divergence (10-5 s-1) field for August 9, 2009 valid from
0430 UTC - 0730 UTC (panels A-H) for the 2000 land cover scenario (left column)
and 2010 land cover scenario (right column).
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significant differences between the two scenarios (Figure 3.15), with higher rainfall
forming in the 2000 land cover scenario along the northwest coast. The 2000 land use
scenario produces enhanced rainfall along the northern extent of the ocean as well, except
for the central region, where the localized maximum in the 2010 simulation has higher
rainfall. The domain averaged precipitable water for this day is ~59 mm, which is
substantial, but less than the maximum observed for the month. The atmospheric profile
from the coastal region, one hour prior to convective initiation, also show an inverted “v”
feature between 1000-900 hPa (not shown).

Figure 3.15 24 hour accumulated precipitation (mm) ending at 1200 UTC on August 23
for 2000 land cover scenario (left), 2010 land cover scenario (middle), and 2010-2000
difference (right).

Vertical velocity field at a height of 245 m, ninety minutes prior to convection
(Figure 3.16), show strong upward motion along both sea and land breeze fronts. Over
land, banded vertical velocity structures are oriented parallel to the coast to the east of the
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river and oriented northwest to southeast west of the river. A vertical cross section
through the front as well as the HCRs show differences in the structure of HCRs between
the 2000 and 2010 scenarios (Figure 3.17). One hour prior to convective initiation, the
sea breeze front is located at 2.8° N in both scenarios (Figure 3.17) with a height of
roughly 1.5 km.
Just to the south of the sea breeze front is another region of strong vertical
velocities associated with the upward branch of a HCR, however the location of the
HCRs differ between the two land cover scenarios at 0230 UTC. In the 2000 land cover
scenario, the upward branch is located approximately six km to the south of the sea
breeze front while the 2010 land cover scenario appears to have them nearly co-located.
Thirty minutes later the sea breeze has moved farther to the south and interacted with the
HCR. The vertical velocity maximum for both cases has increased in intensity and
height, now stretching to nearly 2km, which is well above the LCL and LFC.
Fovell and Dailey (2001) examined HCRs that were parallel to the sea breeze
front. Fovell and Dailey (2001) determined that convection is enhanced along the
entirety of the sea breeze front as it interacts with the upward branch and then dampens
convection as the front interacts with the downward branch of the roll, which is observed
on this case day. Once the sea breeze front interacts with the upward branch of the HCR
widespread convection is initiated along the entirety of the sea breeze front. Outflow
from these convective cells further initiate convection in the surrounding environment
leading to widespread convection across the land. This behavior is shown in Figure 3.18
which shows the evolution of the 245m divergence field from 0230 UTC-0400 UTC. At
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Figure 3.16 Vertical velocities (m s-1) at 245m above ground level on August 23, 2009
valid for the 2000 land cover scenario (left column) and 2010 land cover scenario (right
column) for 0230 UTC (top row) and 0300 UTC (bottom row).
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0230 UTC the sea breeze has moved onshore while the land breeze is still present over
the northwest portion of the domain. At 0300 UTC the sea breeze surface convergence
field has strengthened, potentially through interactions with HCRs. The 2010 land cover
scenario has three specific regions along the sea breeze front that have been strengthened
and these three regions produce storms.

Figure 3.17 Vertical cross section of vertical velocities (m s-1) through 111.85° E for
August 23, 2009 for the 2000 land cover scenario (left column) and the 2010 land cover
scenario (right column) for 0230 UTC (top row) and 0300 UTC (bottom row).

By 0330 UTC widespread convection has begun across the island in the region of
the sea breeze front as well as the land breeze front. Thirty minutes later at 0400 UTC
the entire domain is covered by thunderstorms or outflow boundaries from the initial cells
that had developed.
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Figure 3.18 245 m above ground level divergence (10-5 s-1) field for August 23, 2009
valid for the 2000 land cover scenario (left column) and 2010 land cover scenario (right
column) from 0230 UTC-0400 UTC by 30 minute increments (top row – bottom row).
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This case exemplifies how the orientation of the sea breeze front in relation to the
HCRs dictates precipitation amounts and locations. The convective rolls were more
aligned to the sea breeze/outflow front thereby enhancing convection along the entire sea
breeze front rather than in specific locations along the front.
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CHAPTER 4

CONCLUSIONS AND FUTURE WORK

This research uses satellite imagery and numerical model output to determine the
zone of influence of sea and land breeze circulations and their propagation characteristics
in the Sarawak region of Malaysia, located on the island of Borneo. Paired numerical
model simulations conducted for the month of August 2009 and differing only in the land
cover distribution is used to examine the impact of land use and land cover change on the
propagation, cloud and precipitation formation associated with the sea and land breeze
circulations. The two land cover scenarios considered are land cover distributions that
existed in the Sarawak region during the years of 2000 and 2010.
Satellite observational analysis for August of 2009 over the study region showed
that well-formed land and sea breeze fronts occurred ~48% and ~68% of the time. The
range of influence of these systems extends from ~265 km offshore to ~55 km inshore.
Propagation speeds of the land and sea breeze fronts ranged from 1.4 m s-1 to 4.8 m s-1
and 0.4 m s-1 to 4.0 m s-1 respectively. Analysis of TRMM derived precipitation show
diurnal variation patterns that match the zone of influence of the sea and land breeze
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circulations. These results suggest that sea and land breeze circulations play a major role
in cloud and precipitation formation in the study region.
Propagation speeds of the land and sea breeze circulation in numerical model
simulations are comparable to corresponding estimates derived from satellite imagery.
Numerical model simulation also show that the impact of land use land cover change on
the propagation of the land and sea breeze circulation is minimal, 0 m s-1 and 0.5 m s-1
respectively. However, land cover and land use changes impact HCRs, whose interaction
with the sea breeze circulation is an important process pathway for convective initiation.
The intensity and location of the HCRs are altered due to changes in low level shear and
surface heating. The interaction of the upward branch of the HCRs and the sea breeze are
the preferential locations for convective initiation. Combined with differences in
boundary layer moisture and surface heating caused by land cover change, small
differences in convective initiation lead to differing outflow boundary behavior.
Interactions between outflow boundaries and sea breeze circulations cause further
changes in convective development as the day progresses (Figure 4.1). For the case days
considered, land cover land use change caused localized maximum differences over 30
mm on all case days, with a maximum difference of ~197 mm.
In the case studies considered, convection initiated by the land and sea breeze
circulations did not develop into large scale convective systems. Future research is
needed to understand conditions in which land and sea breeze circulations lead to
convective organization at larger spatial and temporal scales. Biomass burning is
prevalent in the maritime continent in order to clear forested lands. Biomass burning
aerosols can alter the surface energy budget and thus impact the characteristics of
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horizontal convective rolls. Biomass bunring aerosols can also impact cloud
microphysics and thus precipitation. Combined impact of land cover change and biomass

Figure 4.1 Conceptual diagram of how land use land cover change can impact the initial
locations of convection and outflow boundaries. These initial differences then propagate
through the rest of the day.

burning aerosols is not well understood and requires further research. In order to validate
the findings from numerical modeling studies, a field campaign for observing boundary
layer evolution using atmospheric profilers, radiosondes, and a high density network of
surface meteorological observations is recommended.
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